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Chapter One Geneiai Propesties of Immune Responses 9 



these cells become quiescent, develop into memory 
cells or differentiate into end-cells with short half-lives. 

c Antigens and the immune responses to these 
antigens stimulate a number of mechanisms whose 
principal function is feedback regulation of the re- 
sponse itself. These regulatory mechanisms are dis- 
cussed in Chapter 10. 

5 Discrimination of self from non-self. One of the 
most remarkable properties of the immune system is its 
ability to distinguish between foreign antigens and sell 
antigens. Thus, the lymphocytes in each individual are 
able to recognize and respond to many foreign antigens 
but are normally unresponsive to the potentially anti- 
genic substances present in that individual. Immuno- 
logic unresponsiveness is also called tolerance. Self- 
tolerance is an acquired process that has to be learned 
by the lymphocytes of each individual. It occurs m part 
because lymphocytes pass through a stage in their de- 
velopment when encounter with antigen leads to their 
death or inactivation. Thus, potentially self-recognizing 
lymphocytes come into contact with self antigens at 
this stage of functional immaturity and are prevented 
from developing to a stage at which they would be able 
to respond to self antigens. A great deal is now known 
about the selection processes that are responsible for 
self-tolerance, and these will be discussed in Chapters 8 
and 19. Abnormalities in the induction or maintenance 
of self-tolerance lead to immune responses against self 
(autologous) antigens, and debilitating diseases that 
are called autoimmune diseases. The generation and 
pathologic consequences of autoimmunity are de- 
scribed in Chapter 19. 

These five cardinal features of specific immunity 
are necessary if the immune system is to perform its 
normal function of host defense. Specificity and mem- 
ory enable the immune system to mount heightened 
responses to persistent or recurring stimulation with 
the same antigen and thus to combat infections that are 
prolonged or occur repeatedly. Diversity is essential if 
the immune system is to defend individuals against the 
many potential pathogens in the environment. Self-limi- 
tation allows the system to return to a state of rest after 
it eliminates each foreign antigen, thus enabling it to 
respond optimally to other antigens that the individual 
encounters. Self-tolerance and the ability to distinguish 
between self and non-self are vital for preventing reac- 
tions against one's own cells and tissues while main- 
taining a diverse repertoire of lymphocytes specific for 
foreign antigens. 

Phases of Immune Responses 

All immune responses are initiated by the recogni- 
tion of foreign antigens. This leads to activation of the 
lymphocytes that specifically recognize the antigen 
and culminates in the development of mechanisms that 
mediate the physiologic effect of the response, namely 
elimination of the antigen. Thus, specific immune re- 
sponses may be divided into (1) the cognitive phase, 
(2) the activation phase, and (3) the effector phase 



(Fig 1-3). Throughout this book, we will discuss the 
mechanisms of specific immunity in the context of 
these three phases. 



Cognitive Phase 



The cognitive phase of immune responses consists 
of the binding of foreign antigens to specific receptors , 
on mature lymphocytes that exist prior to antigenic 
stimulation. B lymphocytes, the cells of humoral immu- 
nity, express antibody molecules on their surfaces that 
can bind foreign proteins, polysaccharides, or lipids m 
soluble form. T lymphocytes, which are responsible for 
cell-mediated immunity, express receptors that recog- 
nize only short peptide sequences in protein antigens. 
Moreover, T lymphocytes have the unique property of 
recognizing and responding only to peptide antigens 
that are present on the surfaces of other cells. The 
structural basis of antigen recognition by T cells and its 
physiologic implications are discussed in Chapter 6. 

Activation Phase 

The activation phase of immune responses is the 
sequence of events induced in lymphocytes as a conse- 
quence of specific antigen recognition. All lymphocytes 
undergo two major changes in response to antigens. 
First they proliferate, leading to expansion of the 
clones of antigen-specific lymphocytes and amplifica- 
tion of the protective response. Second, lymphocytes 
differentiate from cells whose primary function is cog- 
nitive to cells that function to eliminate foreign anti- 
gens Thus, antigen-recognizing B lymphocytes differ- 
entiate into antibody-secreting cells, and the secreted ^ 
antibody binds the soluble (extracellular) antigen and/ 
triggers the mechanisms that eliminate the antigen. 
Some T lymphocytes differentiate into cells that acti- 
vate phagocytes to kill intracellular microbes, and 
other T lymphocytes directly lyse cells that are produc- 
ing foreign antigens such as viral proteins. The ability 
of T cells to recognize cell-bound antigens focuses T 
cell responses in such a way that cell-mediated immu- 
nity is effective against intracellular microbes. A gen- 
eral feature of lymphocyte activation is that it usually 
requires two types of signals: the first is provided by the 
antigen, and the second by other cells, which may be 
"helper cells" or "accessory cells." The nature of 
these stimuli and the sequence of T and B cell activa- 
tion are discussed in Chapters 7 and 9. 

Two aspects of lymphocyte activation are impor- 
tant in order to allow the small number of cells that 
respond to any one antigen to perform the many func- 
tions that lead to elimination of the antigen. First, im- 
munization and antigen recognition trigger numerous 
amplification mechanisms that rapidly expand the spe- 
cifically responding cells and, to a lesser extent, by- 
stander cells as well. Second, lymphocytes preferen- 
tially migrate to sites of antigen administration and 
immune responses. The cellular and biochemical 
mechanisms of amplification and lymphocyte migration 
are discussed in later chapters. 
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FIGURE 1-3. Phases of specific immune responses. Immune responses consist of three phases: cognitive (antigen recognition), activation (prolifer- 
ation and differentiation of lymphocytes), and effector (elimination of antigen). This example illustrates an immune response to bacteria, but the 
same phases are seen in all specific immune responses. Since this applies to both B and T lymphocytes, the lymphocytes shown can be of either 
class. 



Effector Phase 

The effector phase of immune responses is the 
stage at which lymphocytes that have been specifically 
activated by antigens perform the functions that lead to 
elimination of the antigen. Lymphocytes that function 
in the effector phase of immune responses are called 
effector cells. Many effector functions require the par- 
ticipation of other, non-lymphoid cells (which are also 
often referred to as "effector cells") and defense mech- 
anisms that are also operative in natural immunity. For 
instance, antibodies bind to foreign antigens and en- 
hance their phagocytosis by blood neutrophils and 
mononuclear phagocytes. Antibodies also activate a 
system of plasma proteins termed complement, which 
participates in the lysis and phagocytosis of microbes 
(see Chapter 15). Other antibodies stimulate the de- 
granulation of mast cells and the release of mediators, 
which combat infections and are responsible for the 
vascular components of acute inflammation (see Chap- 
ter 14). Activated T lymphocytes secrete protein hor- 
mones, called cytokines, which enhance the functions 
of phagocytes and stimulate inflammatory responses 
(see Chapters 12 and 13). Phagocytes, complement, 
mast cells, cytokines, and the leukocytes that mediate 



inflammation are all components of natural immunity, 
because they do not specifically recognize or distin- 
guish between different foreign antigens, and they are 
all involved in defense against microbes, even without 
specific immune responses. Thus, the effector phase of 
specific immunity illustrates a fundamental concept 
that was emphasized earlier in this chapter — that spe- 
cific immune responses serve to amplify and focus onto 
foreign antigens a variety of effector mechanisms that 
are also functional in the absence of lymphocyte activa- 
tion (Fig. 1-4). 

The Clonal Selection 
Hypothesis 

From the initial demonstration that the immune 
system could respond specifically to a vast number of 
foreign antigens, the problem of explaining how such a 
diverse repertoire could be generated and maintained 
was appreciated by immunologists. Two mutually ex- 
clusive hypotheses were proposed to explain the speci- 
ficity and diversity of immune responses, even before 
there was a clear understanding of the importance of 
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The impatient refrain "Are we there yet?," echoing from 
the back seat, is a familiar one to any parent. The 
question, though, is a valid one for the impatient immu- 
nologist struggling to understand the regulation of the 
immune response. That is, abundant data exist to sub- 
stantiate the role of various cytokines in immunoreg- 
ulation (Paul and Seder, 1994; Abbas et al. t 1996). Con- 
comitantly, striking advances have been made recently 
in understanding cytokine signaling. But do these ad- 
vances provide a satisfactory molecular explanation for 
cytokine actions and the processes involved in regulat- 
ing the immune response? 

The discoveries of Janus kinases (Jaks) (Figures 1 and 
2) and signal transducers and activators of transcription 
(STATs) (Figure 3) have explained a great deal about 
signaling by cytokine receptors. One appeal of the Jak/ 
STAT pathway is that the trail from membrane to gene 
regulation is remarkably direct. In addition, although the 
Jaks do not provide an explanation for the specificity 
of cytokine signaling, cytokine receptors and STATs do. 
This review focuses on the relationship of cytokine sig- 
naling to immunoregulation. In particular, humans and 
mice that lack specific Jaks and STATs are discussed 
(Table 1), because these examples provide clear illustra- 
tions of the importance of the Jak/STAT pathway in 
controlling the immune response. 

Cytokines, Cytokine Receptors, 
and Immunoregulation 

The term "cytokine" encompasses an array of diverse 
soluble factors. One subset of cytokines includes more 
than 30 factors and comprises the a-helical cytokines. 
These cytokines bind to a class of receptors known 
as type I cytokine receptors and include interleukins, 
cotony-stimutating factors, and hormones (Bazan, 1990). 
Closely related are the receptors for the interferons (type 
II cytokine receptors). This superfamily can be further 
divided into subgroups based on the use of shared sub- 
units (Taga and Kishimoto, 1995; Leonard, 1996). For 
instance, the common y chain (?«) is a subunit of the 
interleukin-2 (IL-2), IL-4, IL-7, IL-9, and IL-15 receptors. 
This feature of cytokine receptors provides one molecu- 
lar explanation for the redundant nature of cytokines. 

The importance of cytokines in immunoregulation is 
now well documented. IL-12 and interferon -7 (IFN7) are 
important in promoting cell-mediated responses, and 
IL-12 knockout mice have impaired T helper cell 1 (Th1) 
responses (Magram et al., 1996). Conversely, IL-4 and 
IL-5 are key mediators of allergic responses, and IL-4 
knockout mice have impaired Th2 responses (Kuhn et 



al., 1991; Kopf et al., 1993). IL-7 is important for the 
development and/or survival of T cells and B cells; mice 
lacking this cytokine or its receptor are profoundly 
iymphopenic (von Freeden-Jeffry et al., 1995; Peschon 
et al., 1994). IL-2, however, has both positive and nega- 
tive effects on the immune response. A major abnormal- 
ity seen in IL-2-, IL-2 receptor a chain (lL-2Ra)-, and IL- 
21^-deficient mice is the development of autoimmune 
disease and lymphoid expansion (Kundig et al., 1993; 
Sadlack et al., 1993; Willerford et al., 1995; Suzuki et al., 
1 995). 1L-10 is another cytokine that appears to hold the 
immune response in check; IL-10 knockout mice also 
have severe immunologic disease (Kuhn et al., 1993). 
Thus, it is clear that cytokines play a central role in 
immunoregulation. But how does this occur? What does 
this mean on a molecular level? How do specific cyto- 
kines regulate the expression of specific genes? 

Cytokine Signal Transduction and Jaks 
Unlike growth factor receptors and the transforming 
growth factor (3/activin family of receptors, which have 
intrinsic enzymatic activity (as tyrosine and serine/threo- 
nine kinases, respectively), cytokine receptors lack in- 
trinsic catalytic activity. Rather, they are associated with 
a structurally unique class of kinases, the Jaks: Jak1, 
Jak2, Jak3, and Tyk2 (Figures 1 and 2) (reviewed by ihle 
et al., 1995; Johnston et al., 1996). The function of Jaks 
was uncovered by the generation of cell lines resistant 
to the effects of interferons, whose defects could be 
complemented by expression of different Jaks (Velaz- 
quez et al., 1992; Muller et al., 1993a; Silvennoinen et 
al., 1993; Watling et al., 1993). Subsequently, it was 
found that various Jaks are activated by all the a-helical 
cytokines (summarized by Ihle, 1995; Johnston et al. f 
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Figure 1. Structure of Jaks 

Among metazoan tyrosine kinases, the Jaks are structurally unique 
in that they contain a C-terminal catalytic domain and an adjacent 
pseudokinase domain. These segments constitute the first two Jak 
homology (JH) domains, JH1 and JH2, respectively. Other con- 
served segments within the Jaks have been noted and are identified 
as JH domains, although their functions have not been ascertained. 
However, the N terminus has been found to be important in the 
binding of the Jaks to cytokine receptors. The chromosomal local- 
ization of the Jaks is also shown. See ihle et al., 1995. 
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1996). Jak1 and Jak2 are activated by a broad range of 
cytokines, and Tyk2 is activated by cytokines that utilize 
gp130 (IL-6 and other cytokines), IL-10, IL-12, and IL- 
13 in addition to IFNa/p. In contrast Jak3 specifically 
associates only with y c (Russell et al. r 1994; Miyazaki et 
at., 1994; Boussiotis et al., 1994) and is only activated 
by cytokines that bind to y c -containing receptors. The 
use of Jaks by different cytokine receptors is illustrated 
in Figure 4. 

Thus, Jaks fit the bill as key mediators of signaling by 
cytokine receptors in that they physically associate with 
cytokine receptor subunits and are essential for cytokine 
signaling. 

Jaks and Development 

What is the significance to the organism of the absence 
of a given Jak? Thus far we only have information on one 
mammalian Jak, Jak3. Mutation of y c , which specifically 
associates with Jak3, is the molecular basis of X-linked 
severe combined immunodeficiency (X-SCID) (Table 1) 
(Noguchi etal., 1993; Leonard, 1996). The function of 7 C 
as a component of many cytokine receptors helps to 
explain the severity of this immunodeficiency. The inti- 
mate association of Jak3 and -y c suggested that muta- 
tions of Jak3 itself might also cause SCID (Russell et 
al., 1994), and patients with autosomal recessive SCID 
due to Jak3 mutations were subsequently identified 
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Figure 2. A Model for trie Role of Jaks and STATs in Cytokine Signal 
Transduction 

Cytokine binding to receptor subunits induces homo- or heterodi- 
merization resulting in the apposition of Jaks that are bound to the 
receptor chains. The N terminus of the Jaks is probably important 
for receptor association. Bringing the Jaks into proximity allows the 
Jaks to become activated, likely through transphosphorylation. Like 
other tyrosine kinases, phosphorylation of tyrosine residues within 
the activation loop of the kinase domain is probably an essential part 
of this activation. The activated Jaks phosphorylate the cytokine 
receptor subunits providing docking sites for proteins with SH2 
domains. The STAT family of transcription factors is one important 
class. STATs bound to cytokine receptors are themselves phosphor- 
ylated on a C -terminal tyrosine residue. This site in turn is recognized 
by the SH2 domain of another STAT molecule allowing dimerization 
to occur. Homo- and hetero-dimerized STATs translocate to the 
nucleus and bind DNA, thereby regulating gene expression. Other 
mechanisms may be involved in STAT-receptor interactions and 
alternative means for STAT activation may exist Aside from their 
role as transcription factors, STATs may also function as adapter 
molecules for coupling receptors to other signaling pathways. That 
is, STAT3 has been reported to bind phosphatidylinositol 3-kinase. 




(Macchi et at., 1995; Russell et al., 1995). Jak3 knockout 
mice have also been generated, and they too are immu- 
nodeflcient (Thomis et al., 1995; Nosaka et al., 1995; 
Park et al., 1995). Curiously, the phenotype of Jak3- 
deficiency differs in humans and mice. Whereas Jak3- 
and 7c- deficient humans tack T cells but contain B cells 
(albeit dysfunctional B cells), Jak3- and ? c -deficient mice 
(Cao et al., 1995; DiSanto et al., 1995) have a few func- 
tionally impaired T cells but lack B cells. Precisely why 
Jak3- and 7 c -deficiency blocks normal lymphocyte de- 
velopment is not completely understood, but may relate 
to absent IL-7 signaling. But why the difference between 
mice and humans? Perhaps there exist alternative re- 
ceptors or cytokines that rescue B cell development in 
a species-specific manner. 

T cells that are produced in y c - and Jak3-deficient 
mice have an abnormal phenotype. They appear acti- 
vated in their expression of high levels of CD44 and low 
levels of CD62L (Thomis and Berg, 1997; Nakajima et 
al., 1997; Saijoetal., 1997). In the case of Jak3-deficient 
mice, impaired negative selection in the thymus has 
been reported (Sajjo et al., 1997), suggesting that their 
abnormal T cell phenotype may reflect activation of 
autoreactive clones in the periphery. The phenotype of 
Jak3 deficiency may also be analogous to the lymphoid 
expansion seen I L- 2 Rot nullizygous mice. In addition, 
the phenotype of Jak3 deficiency may be unrelated to 
7e mediated signaling and may reflect a requirement 
for Jak3 functioning in other signaling pathways. For 
example, Jak2 has recently been shown to be involved 
CD40 signaling (Hanissian and Geha, 1997). 

Despite the documented essential role of Jaks in cyto- 
kine signaling, only Jak3 knockout mice have been gen- 
erated. However, the zebrafish Jak1 was recently cloned 
and was shown to play an important role in early verte- 
brate development (Conway et al., 1997). It was found 
to be maternally encoded, stored in unfertilized eggs, 
and expressed throughout the midblastula stage. There- 
after it rapidly disappears but is reexpressed later. The 
mRNA is evenly distributed among the celts of blastula- 
stage embryos, and injection of RNA encoding domi- 
nant-negative Jakl kinases inhibited cell migration; re- 
duced expression of goosecoid, a transcription factor 
that is expressed in dorsal mesoderm; and interfered 
with anterior structure formation. 

Another system that vividly demonstrates the impor- 
tance of the Jaks in development is the analysis of the 
function of the Drosophila Jak(Hou and Perrimon, 1997). 
Termed Hopscotch (HOP), it is structurally remarkably 
similar to the mammalian Jaks. it is about 26% identical 
and 50% similar to Jak2; identity within the catalytic 
(JH1) domain is even greater. Mutation of the hop gene 
results in marked developmental abnormalities through 
both maternal and zygotic effects. Absence of maternal 
and zygotic hop results in severe segmentation defects, 
whereas embryos that have one copy of a paternally 
derived wild-type allele have less severe defects. Prog- 
eny from females homozygous for the weak hop allele, 
hopr*", have subtle segmentation defects. In embryos 
with mutation of hop, stripe-specific defects in the ex- 
pression patterns of pair-rule genes (even-skipped, runt, 
and fushi tarazu) and segment-polarity genes {engrailed 
and wingless) occur (Binari and Perrimon, 1994). These 
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Table 1 . Summary of the Cytokines That Activate the Jaks and STATs and the Phenotypes Associated with Their Deficiencies 



Molecule 



Activated by 



Phenotype of Deficiency 



JAK1 



JAK2 

JAK3 

TYK2 

STAT1 

STAT2 

STAT3 

STAT4 

STAT5A 

STAT5B 

STAT6 



IFNs 

y c cytokines 
Many others 
Many cytokines 
> cytokines 

IFNa/p, 1L-10. IL-12. others 

IFNs, other cytokines and growth factors 

IFNaSp 

Many cytokines and other stimuli 

IL-12, IFNa^ (human) 

Many hormones, interleukins, CSFs, other 

Many hormones, interleukins, CSFs, other 

IL-4 



ND* 



ND 



Combined immunodeficiency* 
ND 

Viral susceptibility impaired IFN signaling 
ND 

Embryonically lethal 

Impaired IL-12 signaling and Th1 development 
Impaired lactation and mammary development 
ND 

Impaired IL-4 signaling and Th2 differentiation 



tka iak and STAT knockout mice that have been produced are described in the text. 

^l^-Tjakl^out has no, been reposed, but in zebrafish. maternally derived Jak1 appears to be essential for embryogenes,s 

Ja'k3 d^ncy in humans have been identified, but no human cases have been identified that lack other Jaks or STATs. 
ND, no data. , _ . . 



findings raise a number of important questions. For in- 
stance, how many Jaks do Drosophila have, or do they 
have just one? Are there separate Jak1, Jak2 and Tyk2 
orthologs? If so, are they regulated by cytokines? In- 
deed, if flies have cytokines and Jaks, what about other 
organisms, such as Caenorhabditis elegans? Interest- 
ingly, a C. elegans Jak has been identified in the se- 
quencing of the C. elegans genome. Clearly this is a 
very old pathway for cellular differentiation. 

pja fe^al^ TransfQiTnaUon^ 

In several circumstances, mutations of Jaks provide 
clear evidence that Jaks are essential for normal growth 
and development But what about transformation? Can 
dysregulation of Jaks lead to cancer? Of great interest 
in this regard is that activating mutations of hop also 
have striking consequences. These mutations, known 
as Tun?-/ (tumorous lethal) mutations, result in leukemia 
in flies (Hanratty and Dearolf. 1993; Harrison et al. ( 1995; 
Luo et al.. 1995; Luo et al., 1997). Thus far, however, no 
circumstances have been identified in which a human 
cancer is the result of mutation or translocation of a 
Jak. Nonetheless, there are a number of circumstances 
in which constitutive activation of Jaks is associated 
with malignant transformation. This was first demon- 
strated in human T cell leukemia virus l-transformed T 
cells (Migone et al., 1995). Constitutive Jak activation 
has also been found in other settings, including Sezary's 
syndrome (Zhang et al., 1996), v-abMransformed cells 
(Danial et al. t 1995), and acute lymphoblastic leukemia 
(Meydan et al., 1996). Finally, transformation may also 
result from mutations of cytokine receptor subunits. Two 
examples are mutations of the thrombopoietin receptors 
(v-mpfl (Souyri et al., 1990) and erythropoietin receptors 
(Longmore and Lodish, 1991), both of which lead to 
constitutive dimerization of the receptors and, hence, 
constitutive Jak activation. 

Other Unanswered Questions Pertaining to Jaks 
A number important points regarding the Jaks remain 
incompletely understood. For instance, how does Jak 
structure related to its functions and how is Jak catalytic 



activity regulated? Phosphorylation of tyrosine residues 
that reside in the activation loop of tyrosine kinases 
typically positively regulate catalytic activity. For Tyk2 
and Jak2, mutation of these tyrosines are known to 
inhibit Jak activity (Gauzzi et al., 1 996; Feng et al., 1 997). 
However, there are many other conserved tyrosine resi- 
dues within the Jaks whose functions are not yet under- 
stood. Variant Jak isoforms have also been identified. 
In the case of Jak3, three splice variants that contain 
identical N-terminal regions but that diverge at the C 
termini have been isolated. One form appears to be 
catalytically inactive, but its precise role in signaling is 
not understood (Lai et al., 1995). 

An intriguing aspect of the structure of Jaks is the 
presence of a pseudokinase domain, a feature that is 
conserved among insect fish, and mammalian Jaks but 
whose function has not been clearly defined. Mutations 
in the JH2 domain clearly alter Jak function (Luo et al., 
1997; Velazquez et al., 1995), and the presence of this 
catalytically inactive domain may be important in regu- 
lating enzymatic activity. In addition, it has recently been 
reported that the JH2 domain binds STATs (Fujitani et 
al., 1997). Thus, it is unlikely that this segment is simply 
vestigial. Clearly, structural studies of the Jaks are ea- 
gerly anticipated. 

Our ignorance of the details of Jak structure and func- 
tion extends to the remaining conserved segments of 
the Jaks. Jaks have a domain that is reminiscent of a 
Src homology 2 (SH2) domain, although the ability of 
this domain to bind phosphorylated tyrosine residues 
has not been demonstrated. Mutation of the arginine 
corresponding to the conserved residue in other SH2 
domains did not have an identifiable consequence (KohJ- 
huber et al., 1997). 

In a number of receptor systems it has been demon- 
strated that Jaks are constitutively associated with cyto- 
kine receptor subunits. The membrane proximal domain 
of the cytokine receptors appears to be required for 
association with Jaks. and the proline-rich box 1 motif 
appears to be particularly important (Figure 2) (Yan et 
al., 1996b). The component of the Jaks that binds to the 
cytokine receptor is less dear. However, several studies 
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Figure 3. Structure of STATs 

The signal transducer and activator of transcription (STAT) family 
of transcription factors are notable structurally by the presence of 
a central DNA binding domain, an SH3-like domain, and an SH2 
domain. C-terminal to the SH 2 domain there is a conserved tyrosine 
residue that is phosphorylated upon cytokine stimulation and that 
is essential for STAT dimehzation. The STAT SH2 domain serves 
both to bind to the phosphorylated cytokine receptor and to effect 
STAT dimerization. For some STATs, phosphorylation of a C-termi- 
nal serine residue (shown in parentheses) may also important for 
transcriptional activation. The extreme C terminus is divergent and 
influences transcriptional activation. The N terminus of the STATs, 
which is also conserved, is important for protein-protein interac- 
tions. Functions ascribed to this region include association with 
other STATs and receptor binding. The chromosomal localization 
of the STAT molecules is also shown. The localization of the some 
STATs (asterisks) is based on mapping of the mouse genes. See 
Ihle et al., 1995. 



associated with SHP-2, but is it responsible for Jak de- 
phosphorylation (Yin et al., 1997)? While this has not 
been determined, SHP-2 generally functions as a posi- 
tive regulator of signaling and does not attenuate it (Ali 
etal., 1996). 

Although known substrates for Jaks include STATs 
and receptor chains, there undoubtedly are other Jak 
substrates as well. For instance, the signal-transducing 
adapter molecule STAM has been shown to be important 
in cytokine regulation of thec-myc gene and cell growth 
(Takeshita et al., 1997). Conversely, despite the impor- 
tance of Jak3 for IL-2 signaling, some aspects of IL-2 
signaling may be independent of Jak3. For example, 
IL-2 induction of Bel -2 and Bag-1 and phosphorylation 
of SHP-2 were not inhibited by overexpression of a dom- 
inant negative allele of Jak3, even though IL-2-depen- 
dent regulation of c-fos and c-myc was abrogated and 
cellular proliferation was inhibited (Kawahara et al., 
1995; Adachi et al., 1996, 1997). Indentifying other Jak 
substrates and dissecting Jak-dependent and Jak-inde- 
pendent signaling pathways will be important 

Thus, much work remains to be done to elucidate the 
structure and function and the regulation of the Jaks. 
Nevertheless, it is already clear that activation of specific 
Jaks cannot explain the specificity of cytokine signaling. 
First, multiple cytokines activate the same Jaks (e.g., 
IL-2 and IL-4). Second, experimentally recruiting differ- 
ent Jaks to a given cytokine receptor does not affect 
the specificity of the signal. So, if the Jaks do not provide 
signal specificity, what does? The answer is that signal 
specificity resides in the STAT family of tyrosine-phos- 
phorylated transcription factors. 



have provided evidence that the Jak N terminus is re- 
sponsible for this binding (Frank et al., 1994; Zhao et 
al., 1995; Kohlhuber et al., 1997; Chenet al., 1997). 

How is Jak signaling terminated? The SH2-containing 
tyrosine phosphatase, SHP-1, can associate with cyto- 
kine receptors (e.g., the erythropoietin receptor) and 
regulate Jak2 phosphorylation (Klingmuller et al., 1995). 
Whether other cytokine receptors and Jaks are regu- 
lated similarly has not been documented. Jaks are also 



STATs: Their Critical Role in Transmitting 
Cytokine Signals 

STATs were first discovered in protein complexes bound 
to the promoters of interferon-inducible genes (reviewed 
by Darnell et al., 1994; Schindler and Darnell, 1995; Ihle, 
1996). Seven STATs have now been cloned: STAT1, 
STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 
(Figure 3). These transcription factors bind a nucleotide 
consensus motif of TTNCNISINAA, termed a GAS (IFN7- 
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Figure 4. Mechanisms by Which Specificity 
Is Achieved in Cytokine Signaling 
The membrane proximal region of cytokine 
receptors is responsible for the binding of 
distinct Jaks likely through their N termini. 
However, this does not explain how different 
STATs are activated by different cytokines. 
Rather, specific residues in the receptor that 
surround phosphorylated tyrosines are rec- 
ognized by STAT SH2 domains, thus provid- 
ing a mechanism for the recruitment of differ- 
ent STATs to different receptors, Although a 
consensus binding sequence can be defined 
for STATs, the different STATs bind DNA ele- 
ments with some selectivity, providing an 
additional layer of specificity. The optimal 
STAT4 binding sites are not well defined (as- 
terisks). 
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activated site) element even though this sequence binds 
STATs induced by a variety of cytokines (Figure 3). The 
interferon response element (ISRE) is different in its 
composition, in that it is a nonpalindromic motif, 
TTTCNNTTTC, that binds a complex of proteins (ISGF3): 
STAT1, STAT2, and a non-STAT protein, p48. 

It was first shown that IFNa/p activates STAT1 and 
STAT2 whereas IFN7 activates only STAT1 (Schindler 
et al., 1992, Fu, 1992; Shuai et al., 1992; Silvennoinen 
et al., 1993; Shuai et al, 1993). Later it was shown that 
some STATs, such as STAT3 and STATS, are activated 
by a variety of cytokines, whereas others seem to have 
more limited function. For instance, STAT6 is acti- 
vated primarily by IL-4 (Hou et al„ 1 994) (Figure 4); STAT4 
in mice is activated only by IL-12, although in humans 
it is also activated by IFNa/p (Bacon et at., 1995; Jacob- 
son et al., 1995; Cho et al, 1996). The essential function 
of STAT proteins in cytokine signaling was demon- 
strated by the observation that IFIWp signaling requires 
bothSTATI and STAT2 whereas IFN7 signaling requires 
STAT1 (Muller et al., 1993; Leung et al., 1995). Notably, 
STAT1 can be activated by additional cytokines and 
can even be activated by noncytokine stimuli, such as 
epidermal growth factor (Sadowski et al, 1993). Never- 
theless, mice made deficient in STAT1 by gene targeting 
have highly specific defects (Durbin et al., 1 996; Meraz et 
al., 1996) (Table 1). STAT1 -deficient mice lack interferon 
signaling and have marked susceptibility to viral infec- 
tions. 

Similarly, the phenotypes of STAT4 and STAT6 
knockout mice are also quite discrete (Table 1). STAT4 
knockoutmice are viable and fertile and have normal 
hematopoiesis, but are unable to respond to IL-12: 
IL-12-induced mitogenesis, enhancement of natural 
killer cytolytic function, and Th1 differentiation are mark- 
edly impaired. In addition, development of Th1 cetts in 
response to challenge with Listeria monocytogenes is 
abrogated in STAT4-deficient mice, which have a pro- 
pensity for development of Th2 cells. Thus, STAT4 is 
essential for mediating responses to IL-12 in lympho- 
cytes and regulates T helper cell differentiation (Kaplan 
et al., 1996; Thierf elder et al., 1996). 

STAT6 knockout mice have deranged IL-4 signaling 
and cannot generate a Th2 response (Kaplan et al., 1 996, 
Shimoda et al., 1996; Takeda et al., 1996). In STAT6- 
deficient mice, IL-4-mduced up-regulation of major his- 
tocompatibility class II expression, CD23, and IL-4 re- 
ceptor is abrogated. IL-4-mediated proliferation of T 
and B cells is also reduced. STAT6-deficient B celts do 
not produce immunoglobulin E (IgE) following immuniza- 
tion in vivo, and STAT6-deficient T lymphocytes do not 
differentiate into Th2 cells in response to either IL-4 or 
IL-13. The production of Th2 cytokines from T cells, as 
well as IgE and IgGI responses, after nematode infec- 
tion are also profoundly reduced. Thus, STAT6 is essen- 
tial for mediating lymphocyte responses to IL-4. In con- 
trast, leptin, a cytokine that regulates obesity, also has 
been reported to activate STAT6 (Ghilardi et al.. 1996). 
However, STAT6-deficient mice are not obese, sug- 
gesting that STAT6 is not an irreplaceable component 
in leptin signaling. 

In contrast to STAT4 and STAT6, which are activated 
by a limited number of cytokines, STAT5A and STAT5B 




are activated by an extensive list of cytokines, including 
prolactin, growth hormone, erythropoietin, thrombo- 
poietin, granulocyte-macrophage colony-stimulating 
factor, IL-2, and others. Even IFN7 has been shown to 
activate STAT5 (Meinke et al., 1996). Surprisingly, the 
defects in STAT5A knockout mice are also remarkably 
discrete (Liu et al., 1997). STAT5A knockout mice de- 
velop normally and are indistinguishable from normal 
mice in terms of size, weight, and fertility. However, 
mammary lobuloalveolar outgrowth during pregancy is 
absent and females fail to lactate after parturution be- 
cause of failure of mammary gland differentiation. Al- 
though STAT5B has 96% similarity with STAT5A and is 
expressed coordinate^ during mammary gland devel- 
opment STAT5B does not compensate for the absence 
of STAT5A. Thus, STAT5A is an essential mediator of 
mammopoietic and lactogenic signaling. A caveat how- 
ever, is that STAT5B phosphorylation is reduced in 
STAT5A gene-targeted mice, for reasons that are pres- 
ently unclear. Surprisingly, no abnormality of lymphoid 
of hematopoietic development has been detected in 
these mice. 

STAT3 is activated by many cytokines, including some 
that activate STAT5A and STAT5B. In sharp contrast 
to STAT5A knockouts, no viable STAT3-deficient mice 
have been obtained (Takeda et al., 1997). Analysis of 
embryos at several gestation times revealed that STAT3- 
deficient embryos showed degeneration between 
embryonic days 6.5 and 7.5, indicating that STAT3 is 
essential for early embryonic development 

Thus, with the exception of STAT3, which has essen- 
tial functions in embryogenesis, other STATs have lim- 
ited and specific functions even if they can be activated 
by diverse stimuli. 

A Drosophiia STAT (termed Marelle, DSTAT, and 
STAT92E) has been cloned and underscores the impor- 
tance of STATs in cellular differentation (Hou and Perri- 
mon, 1997; Hou et al., 1996; Yan et al., 1996c, 1996d). 
Mutation of the stat92e gene exhibits a phenotype iden- 
tical to that seen with mutations of hop. It is important 
that reduction of stat92e gene activity suppresses the 
phenotype associated with a gain-of-function hop***' 
mutation. Conversely, it also enhances the phenotype 
associated with a weak hop mutation. HOP then acti- 
vates STAT92E to regulate transcription. As with mam- 
malian STATs, STAT92E is phosphorylated on tyrosine, 
and the phosphorylated protein binds specifically to a 
STAT DNA consensus sequence. Furthermore, two 
STAT-binding sites have been identified within the eve 
stripe 3 enhancer region, and mutations in either site 
greatly decrease stripe 3 expression in transgenic flies. 
Therefore, the invertebrate Jak/STAT system is clearly 
involved in Drosophiia early development and is remark- 
ably similar to that of mammals. Several questions arise: 
How many STATs do insects have? Like vertebrates, do 
invertebrates have specialized STATs that serve distinct 
functions, or is there a single STAT? If insects and worms 
have Jaks and STATs, do they also have cytokines and 
cytokine receptors? How many different ones do they 
have, and how do they regulate differentiation? How did 
the vertebrate immune system pirate this pathway for 
its own regulation? 

Remarkably, a STAT protein, termed Dd-STAT, has 
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recently been identified in Dictostelium (Kawata et al., 
1997). This protein was identified as a transcription fac- 
tor that bound to the promoter of the ecmA gene, which 
is involved in prestalk cell differentiation. It is homolo- 
gous to metazoan STATs in the N terminus and DNA- 
binding domain. Moreover, it has an SH2 domain and 
is regulated by tyrosine phosphorylation. The element 
in the ecmA gene has some similarity to an ISRE, and 
Dd-STAT can bind a typical mammalian ISRE. It is nota- 
ble that this factor functions as both a transcriptional 
activator and a repressor. The identification of a Dicto- 
stelium STAT suggests that STATs probably arose early 
in the evolution of multicellular organisms to mediate 
intracellular communication. Although tyrosine kinases 
cloned from Dictyostelium have a pseudokinase domain 
upstream from the catalytic domain, they are not closely 
related to Jaks in other respects (Adler et al., 1996). 
Thus, STATs may have preceded Jaks evolutionarily. 

Whereas STATs have been clearly documented to 
have essential roles in cellular differentiation, their role 
in cellular proliferation has been controversial. Mutated 
versions of receptors that can no longer bind STATs 
have had variable effects on the ability of receptors to 
transmit a proliferative signal. Various STATs knockout 
mice, however, have blunted proliferative responses, 
indicating that STATs do contribute to cellular prolifera- 
tion. Studies in Drosophila also indicate a role for STATs 
in both proliferation and transformation. In mammalian 
cells there are also circumstances in which constitutive 
STAT activation is associated with transformation, al- 
though the mechanisms are not understood. In some 
cases of transformation, STAT activation is concomitant 
with constitutive Jak activation, but in other cases, STAT 
activation has been found without Jak activation. Some 
examples of this include transformation with v-src (Yu 
et al., 1995; Cao et al., 1996) and spleen focus-forming 
virus (Ohashi et al., 1996). Although STAT activation has 
been found in Bcr/Abl transformation, analysis of Jak 
activation has yielded conflicting results (Carlesso et al., 
1996; llaria and Van Etten, 1996; Shuai et al., 1996). 
Constitutive STAT activation has been reported in hu- 
man leukemic cells by some groups (Gouilleux-Gruart 
et al., 1996; Weber-Nordt et al., 1996) but not by others 
(Kanwar et al., 1996). 

Undoubtedly, STAT activation alone, however, does 
not account for the proliferative response to cytokines; 
other pathways activated by cytokine receptors contrib- 
ute to this response. This point is also discussed below. 



How STATs Accomplish Specific Signaling 
from Receptors to Genes 

Gene-targeted mice demonstrate that STATs have 
highly specific functions and are essential for immuno- 
regulation. But how are specific STATs activated by 
specific cytokines? And how do STATs turn on specific 
genes? In addition to a central DNA-binding domain 
(Horvath et al., 1995; Schindler et al., 1995), STATs have 
a single SH2 domain near their C termini (Figure 2). Like 
other SH2 domains, the STAT SH2 domain binds to 
phosphorytated tyrosine residues, with adjacent resi- 
dues influencing binding specificity. The model that Jaks 
phosphorylate receptor subuntts to create a docking 




site that recruits a specific STAT is well supported by 
existing data (Figure 3) (Greenlund et al., 1994; Hou et 
al., 1994; Heim et al., 1995; Stahl et al., 1995; Yan et al.. 
1996a). For example, IL-4 stimulates phosphorylation of 
STAT6, which preferentially binds the sequence ASS- 
GEEGY-PQi-KPFQDLI, found within the IL-4 receptor a 
chain (Schindler et al., 1995) (Figure 4). Similarly, IFN7 
activates STAT1, which selectively binds peptide 
TSFGY-PO<-DKPH, within the IFN7 receptor (Greenlund 
et al., 1 995) but cannot bind the IL-4R-derived phospho- 
peptide. STATs may also preassoctate with cytokine 
receptors prior to phosphorylation via their N termini (Li 
etal., 1997). After binding to cytokine receptors, STATs 
are themselves phosphorytated. They are released from 
the receptor and then dimerize and translocate to the 
nucleus, where they bind DNA. The dimerization of 
STATs (homo- and heterodimerization) is also mediated 
by phosphotyrosine-SH2 interactions (Shuai et al., 1994; 
Greenlund et al. f 1995). That is, phosphorylation of the 
conserved C-terminal tyrosine residue (e.g., Y701 in 
STAT1) is essential, and mutation of this tyrosine phos- 
phorylation site or the conserved arginine residue in the 
STAT SH2 domain abrogates DNA binding and transacti- 
vation. STATs also have an SH3-like domain, but its role 
has not been determined. While STATs are recruited to 
cytokine receptors and then phosphorytated, there is 
also an everexpanding list of noncytokine stimuli that 
also activate STATs. These receptors include growth 
factor receptors (receptor tyrosine kinases), G protein- 
coupled receptors, and immune receptors. The mecha- 
nisms by which this process occurs have not been well 
characterized. 

Tyrosine phosphorylation of the STATs is probably 
not the whole story. Several STATs (STAT1, STAT3, and 
STAT4) have been shown to be serine phosphorytated 
in response to cytokine stimulation (Boulton et al., 1995; 
Wen et al., 1995; Zhang et al., 1995; Cho et al., 1996). 
Serine phosphorylation of STATs appears to be impor- 
tant in transcriptional regulation, but whether it is essen- 
tial for DNA binding is less clear. For STAT1, the site of 
phosphorylation is S727. This residue lies within the 
divergent C terminus, which appears to be important for 
transcriptional activation. This site is also a consensus 
phosphorylation site for a proline-directed serine ki- 
nase, such as mitogen-activated protein kinase (MAPK). 
MAPK has been reported to be activated by interferon 
and to be associated with the interferon receptor (David 
et al., 1995). MAPK is activated by other cytokines, but 
at this time the precise significance of STAT serine phos- 
phorylation and the identity of the STAT serine kinase(s) 
are controversial. Like ST ATI, STATS has been shown 
to be serine phosphorylated (Beadling et al., 1996), but 
STAT does not have a consensus MAPK phosphoryla- 
tion site in the C-terminal transcriptional activation 
domain. 

Specific cytokine receptors can recruit specific STATs, 
but then what? Do STATs have any specificity in terms 
of the DNA sequences that they bind? The answer ap- 
pears to be yes (Schindler and Darnell, 1995; Seidel et 
al., 1995; Ihle. 1996) (Figure 4). Although a core GAS 
sequence is identifiable, the precise spacing and com- 
position of this motif appear to be distinct among differ- 
ent STATs. For instance, the spacing between the palin- 
dromic hatfsites that generate an optimal STAT6 binding 
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site (TTCCNNGGAA) is different from those for other 
STATs. The delineation of these preferred sites is far 
from complete, but it is becoming clear how a cytokine 
such as 1L-4 recruits a specific transcription factor that 
can turn on specific genes. Conversely, the observation 
that some DNA sequences indiscriminately bind STATs 
can explain the overlapping biological effects of some 
cytokines. The regulatory regions for genes such as 
the IL-12R02 gene will be interesting to dissect since 
expression of this gene is positively regulated by IFN7 
fin mice) and IFIW0 On humans) but negatively regu- 
lated by IL-4 (Rogge et al., 1997; Szabo et al., 1997). 
One of the most intriguing recent developments is the 
finding that the core GAS element is bound not only by 
STATs but also by another transcription factor, Bcl-6. 
Even more striking is that Bcl-6 knockout mice have 
marked cardiac and pulmonary eosinophilic infiltrates. 
In addition, they have exaggerated production of Th2 
cytokines. Bcl-6 can repress IL-4-mediated transcrip- 
tion of a STAT6-activated gene (Dent et al., 1997). One 
explanation for the pathologic features of Bcl-6-defi- 
cient mice is unopposed IL-4 signaling due to the lack 
of a repressor that binds STAT6 sites. Whether other 
STAT repressor proteins exist is not known. 

It is now well recognized that gene regulation is typi- 
cally effected by the coordinated binding of multiple 
transcription factors to the regulatory elemens. Within 
the IFN7 gene, STAT sites are arranged in multiple cop- 
ies, and cooperative interactions among N -terminal do- 
mains are required for optimal STAT binding (Xu et al., 
1996). Such cooperative binding interactions may en- 
able the STAT proteins to recognize variations of con- 
sensus sites, promoting selectivity in transcriptional ac- 
tivation. STATs have also been reported to associate 
with other proteins, including the glucocorticoid recep- 
tor and p300/CBP (Bhattacharya et al., 1996; Stocktin 
et al., 1996). Understanding the regulation of genes by 
cytokines will require careful dissection of the promoter 
binding sites of these genes and delineation of the inter- 
actions of STATs and other transcription factors. 

Conclusions and Future Directions 
The discovery of the Jak/STAT pathway goes a long 
way toward explaining cytokine signaling. The require- 
ment for Jaks in cytokine signaling is very clear, as 
highlighted by the severe immunodeficiency in humans 
and mice with Jak3 mutations. Despite their importance 
for transducing cytokine receptor signals, the Jaks do 
not seem to contribute to the specificity of cytokine 
signaling. But STATs do. There are two levels by which 
specificity of cytokine signaling is achieved: (1) STAT 
binding to tyrosine- phosphorylated sites on specific 
cytokine receptors via STAT SH2 domains and (2) STAT 
binding to specific DNA elements. 

How do we proceed from here? One important issue 
is to define more completely the genes that are regulated 
by cytokines and to analyze their promoters. Compared 
with our knowledge about genes induced by interferons, 
much less is known about the genes induced by IL-2, 
IL-4, and IL-12. Examining the relative contribution of 
STATs and other transcription factors on the expression 
of these genes should provide substantial insights into 
the mechanisms of cytokine action. 




Presently, our understanding of the STAT function is 
limited. Although they are translocated to the nucleus 
after activation, we understand neither the mechanism 
underlying this translocation nor the reason that are 
they retained in the cytoplasm prior to stimulation. In 
addition, two mechanisms have been proposed for at- 
tenuating STAT activation: ubiquitination and dephos- 
phorylation (Kim and Maniatis, 1996; Haspel et al., 1996). 
However, the relative importance of these two mecha- 
nisms and the identity of the STAT phosphatase are not 
known. Also, multiple isoforms exist for several STATs, 
some which function as inhibitors of the full-length forms 
(Wang et al., 1996). What is the physiologic function of 
these alternate STAT species, and how is the process 
regulated? Last, the solution of the three-dimensional 
structure of STAT proteins will be of great interest and 
should improve our understanding of how these tran- 
scription factors are regulated, how they bind DNA, and 
how they accomplish specific binding. 

Now that a variety of knockout mice have been gener- 
ated, these mice will provide excellent vehicles for re- 
constitution studies with mutated version of Jaks and 
STATs to elucidate structure-function relationships as 
they relate to the organism. Moreover, given the specific 
phenotypes of STAT1, STAT4, and STAT6 knockout 
mice, the search for human mutations of these genes 
seems warranted. For STAT3, which has global effects 
on development it will be important to investigate the 
toss of such a factor in a tissue- and organ-specific 
manner to delineate its role in the adult animal. 

A particularly important issue is how cytokines regu- 
late cell growth and the contribution of Jaks and STATs 
to this process. Clearly, other pathways, including the 
Ras/Raf/MAPK and phosphatidylinositol 3-kinase/AKT 
pathways are also turned on by cytokine receptors. How 
do Jaks and STATs interact with this pathway? Recent 
data show that STATs also serve as adapter molecules 
for the coupling of cytokine receptors with phosphatidyl- 
inositol 3-kinase (Pfeffer et al., 1997). Understanding the 
intersections and crosstalk in these signal pathways is 
essential. Conversely, it is also pertinent that STATs 
may have direct effects on inhibiting proliferation by 
induction of cyclin-dependent kinase inhibitors, such as 
p21 WAF1/CIP1 (Chin et al., 1996). This may explain the 
antiproliferative effects of the interferons. 

Finally, utilizing model organisms like C. elegans, Dro- 
sophila, Dictyosteiium, and zebrafish to analyze the 
components involved in growth and development will 
undoubtedly promote advances in understanding mam- 
malian cellular differentiation. 

So, an appropriate response to the cries from the back 
seat is "We are not there yet but keep your eyes open 
or you'll miss something exciting." 

References 

Abbas, A.K.. Murphy, K.M., and Sher, A. (1936). Functional diversity 
of helper T lymphocytes. Nature 383, 767-793. 
AdachL M., SeWya. M., Torigoe. T., Takayama. S.. Reed, J.C., Miya- 
zaki, T., Minami, Y., TanigucW, T., and ImaJ. K. (1996). lnterteukin-2 
(IL-2) upregulates BAG-1 gene expression through sertne-rich region 
within IL-2 receptor beta c chain. Blood 88. 4118-4123. 
AdachL M., ishino, M.. Torigoe. T., Minami, Y., Matozaxi, T.. Miya- 
zaki, T., Taniguchi, T., Hinoda. Y., and tmai, K. (1997). tnterteuxin-2 




Immunity 
8 



induces tyrosine phosphorylation of SHP-2 through IL-2 receptor 
beta chain. Oncogene 14, 1629-1633. 

Adler, K., Gerisch, G., von Hugo. U., Lupas, A., and Schweiger. A., 
(1936). Classification of tyrosine kinases from Dictyosteiium dis- 
coideum with two distinct complete or incomplete catalytic dorni- 
ans. FEBS Lett 395, 286-292. 

Ali. S., Chen. Z., Lebrun, J.J., Vogel, W., Kharitonenkov. A.. Kelly. 
P. A., and Ullrich, A. (1996). PTP1D is a positive regulator of the 
prolactin signal leading to beta-casein promoter activation. EM BO 
J 15. 135-142. 

Bacon, CM.. Petricoin. E.F.R., Ortaldo. J.R., Rees. R.C., Lamer. 
A.C, Johnston, J A, and O'Shea. JJ. (1995). Interleukin 12 induces 
tyrosine phosphorylation and activation of STAT4 in human lympho- 
cytes. Proc. Natl. Acad. Sci. USA 92. 7307-7311. 
Bazan, J.F. (1990). Haemopoietic receptors and helical cytokines. 
Immunol. Today 11, 350-354. 

Beadling, C, Ng, J., Babbage. J.W., and Cantrell. DA (1996). In- 
terieukin-2 activation of STAT5 requires the convergent action of 
tyrosine kinases and a serine/threonine kinase pathway distinct from 
the Raf1/ERK2 MAP kinase pathway. EMBO J. 15. 1902-1913. 
Bhattacharya. S.. Eckner. R.. Grossman, S., Oldread, E., Arany, Z., 
D' Andrea, A., and Livingston, D.M. (1996). Cooperation of Stat2 and 
p300/CBP in signalling induced by interferon -alpha. Nature 383, 
344-347. 

Binari, R.. and Perrimon, N. (1994). Stripe-specific regulation of pair- 
rule genes by hopscotch, a putative Jak family tyrosine kinase in 
Drosophila. Genes Dev. 8. 300-312. 

Boulton, T.G.. Zhong, Z., Wen, Z., Darnell, J.E.J., Stahl, N., and 
Yancopoulos, G.D. (1995). STAT3 activation by cytokines utilizing 
gp130 and related transducers involves a secondary modification 
requiring an H7-sensitive kinase. Proc. Natl. Acad. Sci. USA 92. 
6915-6919. 

Boussiotis, VA, Barber, D.L., Nakarai, T., Freeman. G.J., Gribben, 
J.G., Bernstein. G.M.. D'Andrea, A.D., Ritz. J., and Nadler, L.M. 
(1994). Prevention of T cell anergy by signaling through the gamma 
c chain of the IL-2 receptor. Science 266, 1039-1042. 
Cao. X.. Shores. E.W., Hu-U, J., Anver, M.R., Kelsail, B.L., Russell, 
S.M., Drago, J., Noguchi, M., Grinberg, A.. Bloom. E.T.. et al. (1995). 
Defective lymphoid development in mice lacking expression of the 
common cytokine receptor gamma chain. Immunity 2, 223-238. 
Cao. X„ Tay, A., Guy. G.R., and Tan. Y.H. (1996). Activation and 
association of Stat3 with Src in v-Src-transformed cell lines. Mol. 
Cell. Biol. 16, 1595-1603. 

Cariesso. N., Frank. DA, and Griffin. J.D. (1996). Tyrosyl phosphory- 
lation and DNA binding activity of signal transducers and activators 
of transcription (STAT) proteins in hematopoietic cell lines trans- 
formed by Bcr/Abl. J. Exp. Med. 183. 811-820. 
Chen. M., Cheng, A., Chen, Y.Q.. Hymel, A.. Hanson. E.P.. Kimmel, 
L, Minami, Y., Taniguchi, T., Changelian, P.S., and O'Shea, J.J. 
(1997). The amino terminus of JAK3 is necessary and sufficient for 
binding to the common y chain and confers the ability to transmit 
interleukin 2 -mediated signals. Proc. Natl. Acad. Sci. USA 94, 6910- 
6915. 

Chin. Y.E., Kitagawa, M„ Su. W.C., You, Z.H., Iwamoto, Y., and Fu, 
X.Y. (1996). CeO growth arrest and induction of cyclin-de pendent 
kinase inhibitor p21 WAF1/CIP1 mediated by STAT1. Science 272, 
719-722. 

Cho, S.S.. Bacon, CM.. Sudarshan, C, Rees, R.C, Finbloom. D., 
Pine, R.. and O'Shea. J J. (1996). Activation of STAT4 by IL-12 and 
IFN-alpha: evidence for the involvement of ligand -induced tyrosine 
and serine phosphorylation. J Immunol 157, 4781-4789. 
Conway. G.. Margoliath, A., Wong-Madden, S., Roberts, RJ., and 
Gilbert, W. (1997). Jak1 kinase is required for cell migrations and 
anterior specification in zebrafish embryos. Proc. Natl. Acad. Sci. 
USA 94, 3082-3087. 

Danial, N.N., Pemts. A., and Rothman, P.B. (1995). Jak-STAT signal- 
ing induced by the v-abl oncogene. Science 269, 1875-1877. 
Darnell. J.E.J., Kerr. UM., and Stark. G.R. (1994). Jak-STAT pathways 
and transcriptional activation In response to IFNs and other extracel- 
lular signaling proteins. Science 264, 1415-1421. 




David. M.. Petricoin. E.R., Benjamin. C. Pine. R.. Weber, MJ., and 
Lamer, A.C. (1995). Requirement for MAP kinase (ERK2) activity in 
interferon alpha- and interferon beta-stimulated gene expression 
through STAT proteins (see comments]. Science 269, 1721-1723. 
Dent AL.. Shaffer. A.U Yu, X.. AOman. D.. and Staudt LM. (1997). 
Control of inflammation, cytokine expression and germinal center 
formation by BCL-6. Science 276, 589-592. 
DiSanto, J.P., Muller, W., Guy-Grand, D.. Fischer, A., and Rajewsky, 
K. (1995). Lymphoid development in mice with a targeted deletion 
of the interleukin 2 receptor gamma chain. Proc. Natl. Acad. Sci. 
USA 92, 377-381. 

Durbin. J.E., Hackenmiller. R., Simon. M.C., and Levy, D.E. (1996). 
Targeted disruption of the mouse Statl gene results in compromised 
innate immunity to viral disease. Cell 84, 443-450. 
Feng, J., Witthuhn. B A, Matsuda, T., Kohlhuber, F., Kerr. LM., and 
(hie, J.N. (1997). Activation of Jak2 catalytic activity requires phos- 
phorylation of Y1007 in the kinase activation loop. Mol. Cell. Biol. 
17. 2497-2501. 

Frank, S.J., Gilliland, G.. Kraft A.S.. and Arnold. CS. (1994). Interac- 
tion of the growth hormone receptor cytoplasmic domain with the 
Jak2 tyrosine kinase. Endocrinology 135, 2228-2239. 
Fu, X.Y. (1992). A transcription factor with SH2 and SH3 domains 
is directly activated by an interferon alpha-induced cytoplasmic 
protein tyrosine kinase(s). Cell 70, 323-335. 
Fujitani. Y., Hibi, M., Fukada. T.. Takahashitezuka. M., Yoshida, H., 
Yamaguchi, T., Sugiyama, K., Yamanaka, Y., Nakajima, K., and Hir- 
ano, T. (1997). An alternative pathway for STAT activation that is 
mediated by the direct interaction between Jak and STAT. Onco- 
gene 14, 751-761. 

Gauzzi, M.C, Velazquez, L, McKendry, R., Mogensen, K.E., Fellous, 
M., and Pellegrini, S. (1996). Interferon -alp ha -de pendent activation 
of Tyk2 requires phosphorylation of positive regulatory tyrosines by 
another kinase. J. Bid. Chem. 277, 20494-20500. 
Ghilardi, N., Ziegter. S., Wiestner, A.. Stoffel, R. Heim, M.H., and 
Skoda, R.C. (1996). Defective STAT signaling by the leptin receptor 
in diabetic mice. Proc. Natl. Acad. Sci. USA 93, 6231-6235. 
Gouilleux-Gruart V., Gouilleux, F., Desaint C, Claisse, J.F., Capiod, 
J.C, Delobel, J., Weber-Nordt R.. Dusanter-Fourt, (.. Dreyfus, F., 
Groner, B., and Prin, L. (1996). STAT-related transcription factors are 
constitutively activated in peripheral blood cells from acute leukemia 
patients. Blood 87, 1692-1697. 

Greenlund, A.C. Farrar, MA, Viviano. B.L., and Schreiber. R.D. 
(1994). Ligand-induced IFN7 receptor phosphorylation couples the 
receptor to its signal transduction system (p91). EMBO J. 13, 1591- 
1600. 

Greenlund, A.C. Morales, M.O.. Viviano, B.L., Yan, H., KrotewsW. 
J., and Schreiber, R.D. (1995). Stat recruitment by tyrosine-phos- 
phorylated cytokine receptors: an ordered reversible affinity-driven 
process. Immunity 2. 677-687. 

Hanissian. S.H., and Geha, R.S. (1997). Jak3 is associated with CD40 
and is critical for CD40 induction of gene expression in B cells. 
Immunity 6, 379-387. 

Hanratty, W.P., and Dearoif, CR. (1993). The Drosophila Tumorous- 
tethal hematopoietic oncogene is a dominant mutation In the hop- 
scotch locus. Mol. Gen. Genet 238. 33-37. 
Harrison, DA. Binari, R.. Nahreini. T.S., Gil man. M., and Perrimon. 
N. (1995). Activation of a Drosophila Janus kinase (Jak) causes he- 
matopoietic neoplasia and developmental defects. EMBO J. 14, 
2857-2865. 

Haspel, R.L. Salditt-Georgieff, M.. and Darnell, J.EJ. (1996). The 
rapid inactivation of nuclear tyrosine phosphorylated Statl depends 
upon a protein tyrosine phosphatase. EMBO J. 15, 6262-6268. 
Heim, M.H., Kerr, I.M., Stark, G.R.. and Darnell, J.EJ. (1995). Contri- 
bution of STAT SH2 groups to specific interferon signaling by the 
Jak-STAT pathway. Science 267, 1347-1349. 
Horvath. CM.. Wen, Z., and DameO. J.EJ. (1995). A STAT protein 
domain that determines DNA sequence recognition suggests a novel 
DNA-binding domain. Genes Dev. 9, 984-994. 
Hou, J., Schindler, U„ Henzel, WJ., Ho. T.C. Brasseur, M„ and 
Mc Knight S.L. (1994). An lrrterieukin-4-wduced transcription factor 
IL-4 StaL Science 265, 1701-1706. 




Review 
9 



Hou, X.S., Metric*. M.B., and Perrimon. N. (1996). marelle acts 
downstream of the Drosophila HOP/Jak kinase and encodes a pro- 
tein similar to the mammalian STATs. Cell 84, 411-419. 
Hou. X.S.. and Perrimon. N. (1997). The Jak-STAT pathway in Dro- 
sophila. Trends Genet 13. 105-110. 

ihle, J.N. (1995). Cytokine receptor signalling. Nature 377. 591-594. 
ihle. J.N.. Witthuhn, BA. Quelle, F.W., Yamamoto. K., and Silven- 
noinen, O. (1995). Signaling through the hematopoietic cytokine re- 
ceptors. Annu. Rev. Immunol. 13. 369-398. 
Ihle. J.N. (1996). STATs: signal transducers and activators of tran- 
scription. Cell 84. 331-334. 

Ilaria, R.L. J., and Van Etten. R.A. (1996). P210 and P190(BCR/ABL) 
induce the tyrosine phosphorylation and DNA binding activity of 
multiple specific STAT family members. J, Biol. Chem. 271, 31704- 
31710. 

Jacobson, N.G.. Szabo, S.J., Weber-Nordt, R.M.. Zhong, Z., 
Schreiber. R.D.. Darnell, J.E.J.. and Murphy, K.M. (1995). Interleukin 
1 2 signaling in T helper type 1 (Thl ) cells involves tyrosine phosphor- 
ylation of signal transducer and activator of transcription (Stat)3 and 
Stat4. J. Exp. Med. 181, 1755-1762. 

Johnston, J.A., Bacon, CM.. Riedy, M.C., and O'Shea. J J. (1996). 
Signaling by IL-2 and related cytokines: Jaks, STATs, and relation- 
ship to immunodeficiency. J. Leukocyte Biol. 60, 441-452. 
Kanwar. V.S., Witthuhn, B., Campana. D., and Ihle, J.N. (1996). Lack 
of constitutive activation of Janus kinases and signal transduction 
and activation of transcription factors in Philadelphia chromosome- 
positive acute lymphoblastic leukemia [letter]. Blood 87, 491 1-4912. 
Kaplan, M.H., Schindler, U.. Smiley, S.T., and Grusby. M.J. (1996). 
Stat6 Is required for mediating responses to IL-4 and for develop- 
ment of Th2 celts. Immunity 4. 313-319. 

Kaplan, M.H., Sun. Y.L, Hoey, T., and Grusby. MJ. (1996). Impaired 
IL-12 responses and enhanced development of Th2 cells in Stat4- 
deficient mice. Nature 382. 174-177. 

Kawahara, A., Minami, Y., Miyazaki, T., Ihle, J.N., and Taniguchi, T. 
(1995). Critical role of the interleukin 2 (IL-2) receptor gamma-chain- 
associated Jak3 in the IL-2-induced c-fos and c-myc, but not bcl-2. 
gene induction. Proc. Nati. Acad. Sci. USA 92, 8724-8728. 
Kawata, T.. Shevchenko. A., Fukuzawa, M„ Jermyn. K.A., Totty, 
N.F., Zhukovskaya, N.V., Sterling, A.E.. Mann, M.. and Williams, J.G., 
(1997). SH2 signaling in a lower eukaryote: a STAT protein that 
regulates stalk cell differentiation in Dictyostefium. Cell 89, 909-916. 
Kim, T.K., and Mania tis, T. (1996). Regulation of interferon -gamma- 
activated STAT1 by the ubiquitin-proteasome pathway. Science 
273, 1717-1719. 

KUngmuUer, U.. Lorenz, U., Cantiey, L.C., Neel, B.G.. and Lodish. 
H.F. (1995). Specific recruitment of SH-PTP1 to the erythropoietin 
receptor causes inactlvation of Jak2 and termination of proliferative 
signals. Cell 80, 729-738. 

Kohlhuber, F., Rogers, N.C., Wading, D.. Feng, J., Guschin, D.. 
Briscoe. J., Witthuhn, BA, Kotenko. S.V.. Pestka, S., Stark, G.R.. 
et al. (1997). A JAK1/JAK2 chimera can sustain alpha and gamma 
interferon responses. Mo!. CeO. Biol. 17, 695-706. 
Kopf, M., Le Gros, G., Bachmann, M., Lamers, M.C., Btuethmann, 
H., and Kohler, G. (1993). Disruption of the murine IL-4 gene blocks 
Th2 cytokine responses. Nature 362, 245-248. 
Kuhn, R., Rajewsky. K., and Mutter, W. (1991). Generation and analy- 
sis of interteukin-4 deficient mice. Science 254, 707-710. 
Kuhn. R., Lohler. J.. Rennick. D.. Rajewsky, K., and Muller, W. (1993). 
Interleukin- 1 0-deficient mice develop chronic enterocolitis (see 
comments]. Cell 75, 263-274. 

Kundig, T.M., Schorie, H., Bachmann, M.F., Hengartner, H.. Zmker- 
nagel. R.M., and Horak. I. (1993). Immune responses in Interleuxin- 
2 -deficient mice. Science 262, 1059-1061. 
Lai. K.S.. Jin. Y. r Graham, D.K., Witthuhn. BA. Ihle, J.N., and Uu. 
E.T. (1995). A kinase-defictent splice variant of the human Jak3 is 
expressed in hematopoietic and epithelial cancer cells. J. Biol. 
Chem. 270. 25028-25036. 

Leonard. W.J. (1996). The molecular basis of X -linked severe com- 
bined imrnunodeftciency: defective cytokine receptor signaling. 
Arrnu. Rev. Med. 47, 229-239. 




Leung, S., Quresrri, SA, Ken, I.M., Darnel), J.E.J., and Stark, G.R. 
(1 995). Rote of STAT2 in the alpha interferon signaling pathway. Mol. 
CeO. Bid. IS, 1312-1317. 

LL X.. Leung. S.. Kerr. I.M., and Stark. G.R. (1997). Functional subdo- 
mains of STAT2 required for preassociation with the alpha interferon 
receptor and for signaling. Mol. Cell. Biol. 17, 2048-2056. 
Uu, X.. Robinson. G.W.. Wagner, K.U.. Garrett, L, Wynshaw-Boris, 
A., and Hennighausen, L. (1997). Stat5a is mandatory for adult mam- 
mary gland development and lactogenesis. Genes Dev. 7 7, 179-186. 
Longmore, G.D., and Lodish, H.F. (1991). An activating mutation in 
the murine erythropoietin receptor induces erythroleukerrtia in mice: 
a cytokine receptor superfamily oncogene. Cell 67. 1089-1102. 
Luo, H., Hanratty. W.P., and Dearolf, C.R. (1995). An amino acid 
substitution in the Drosophila hopTum-l Jak kinase causes leuke- 
mia-like hematopoietic defects. EM BO J. 14, 1412-1420. 
Luo. H., Rose, P., Barber, D., Hanratty, W.P., Lee, S.. Roberts, T.M., 
DAndrea, A.D.. and Dearolf, C.R. (1997). Mutation in the Jak kinase 
JH2 domain hyperactivates Drosophila and mammalian Jak-STAT 
pathways. Mol. Cell. Biol. 17, 1562-1571. 
Macchi, P., Villa, A.. Giltani, S., Sacco. M.G.. Frattini, A., Porta, F.. 
Ugazio, A.G., Johnston, J A, Candotti. F.. O'Shea, J J., et al. (1995). 
Mutations of Jak-3 gene in patients with autosomal severe com- 
bined immune deficiency (SCID). Nature 377, 65-68. 
Magram, J., Connaughton, S.E., Warner, R.R.. Carvajal, D.M., Wu, 

C. Y., Ferrante. J., Stewart. C, Sarmiento, U., Faherty, DA, and 
Gately, M.K. (1996). IL-12-deficient mice are defective in I FN gamma 
production and type 1 cytokine responses. Immunity 4. 471-481. 
Meinke, A., Barahmand-Pour, F., Wohri, S., Stotber. D., and Decker, 
T. (1996). Activation of different Stat5 isoforms contributes to cell- 
type-restricted signaling in response to interferons. Mol. Ceil. Biol. 
16, 6937-6944. 

Meraz, MA, White, J.M., Sheehan, K.C.. Bach. EA, Rodig, S.J.. 
Dighe, A.S., Kaplan, D.H., Riley. J.K., Greentund, A.C., Campbell, 

D. , et al. (1996). Targeted disruption of the Statl gene in mice reveals 
unexpected physiologic specificity in the Jak-STAT signaling path- 
way. Ceil 84, 431-442. 

Meydan, N., Grunberger, T.. Dadi, H., Shahar, M., Arpaia, E., Lapidot, 
Z., Leeder, J.S., Freedman, M., Cohen, A., Gazit, A., Levitzki, A., and 
Roifman, CM. (1996). Inhibition of acute lymphoblastic leukaemia 
by a Jak-2 inhibitor. Nature 379, 645-648. 
Migone, T.S., Un, J.X., Cereseto, A., Mutloy, J.C., O'Shea. J.J., 
Franchini, G., and Leonard, WJ. (1995). Constitutively activated Jak- 
STAT pathway in T cells transformed with HTLV-I. Science 269, 
79-81. 

Miyazaki, T., Kawahara, A., Fujii, H., Nakagawa, Y., Minami, Y., Uu, 
Z. J., Oishi, 1., Silvennotnen, O., Witthuhn, B A. Ihle, J.N., et al. (1994). 
Functional activation of Jak1 and Jak3 by selective association with 
IL-2 receptor subunits. Science 266, 1045-1047. 
Muller, M., Briscoe, J., Laxton. C, Guschin, D., Ziemieck, A, Silven- 
notnen, O.. Harpun, A.G.. Barbieri, G., Witthuhn, BA, Schindler. C, 
et al. (1993a). The protein tyrosine kinase JAK1 complements de- 
fects in interferon-alpha/beta and -gamma signal transduction. Na- 
ture 366, 129-135. 

Muller. M.. Laxton, C, Briscoe, J.. Schindler, C, Improta, T„ Darnell, 
J.E.J.. Stark. G.R., and Kerr, I.M. (1993b). Complementation of a 
mutant cell tine: central role of the 91 kDa polypeptide of ISGF3 
in the interferon-alpha and -gamma signal transduction pathways. 
EMBO J. 12. 4221-4228. 

Nakapma, Hm, Shores, E.W.. Noguchi. M.. and Leonard, W.J. (1997). 
The common cytokine receptor y chain plays an essential role in 
regulating lymphoid homeostasis. J. Exp. Med. 185. 189-196. 
Noguchi, M., Yi, H., Rosenblatt, H.M., FUipovich. AH., Adelstetn, S., 
Modi, W.S., McBride, O.W., and Leonard. WJ. (1993). lnterteukin-2 
receptor gamma chain mutation results in X-linked severe combined 
irnmunodeficiency in humans. Cefl 73. 147-157. 
Nosaka, T.. van Deursen. J.M., Tripp, RA, Thierf elder, W.E., Wit- 
thuhn. BA, McMickle. A.P., Doherty, P.C., GrosveW, G.C.. and Ihle, 
J.N. (1995). Defective lymphoid development In mice lacking Jak3. 
Science 270, 800-802. 




Immunity 
10 



Ohashi, T.. Masuda. M. r and Ruscetti. S.K. (1996). Activation of stat- 
related DNA-binding factors by erythropoietin ami the spleen focus- 
forming virus. Curr. Topics Microbiol. Immunol. 211. 223-231. 
Park, S.Y.. Saijo, K., Takahashi. T., Osawa, M.. Arase. H.. Hirayama, 
N., Miyake, K., Nakauchi, H., Shirasawa. T.. and Saito, T. (1995). 
Developmental defects of lymphoid cells in Jak3 kinase-deficient 
mice. Immunity 3. 771-782. 

Paul, W.E., and Seder, RA (1994). Lymphocyte responses and cyto- 
kines. Cell 76.241-251. 

Peschon, J J., Morrissey, P.J., Grabstein, K.H., Ramsdell, F J.. Mara- 
skovsky, E., Gliniak. B.C., Parte, L.S.. Ziegler, S.F., Williams. D.E., 
Ware, C.B., and etal (1994). Early lymphocyte expansion is severely 
impaired in interteukin 7 receptor-deficient mice. J. Exp. Med. 180. 
1955-1960. 

Pfeffer L. M., Mullersman, J.E., Pfeffer, S.R.. Murti. A., Shi, W., Yang, 
C.H. (1997). STAT3 as an adapter to couple phosphatidylinositol 
3-kinase to the IFNAR1 chain of the type I interferon receptor. Sci- 
ence 276, 1418-1420. 

Rogge, L, Barberismaino, U Biffi, M., Passini, N., Presky, D.H., 
Gubler, U., and Sinigaglia, F. (1997). Selective expression of an 
interieukin-12 receptor component by human T helper 1 cells. J. 
Exp. Med. 165,825-831. 

Russell, S.M., Johnston, J A, Noguchi, M., Kawamura. M., Bacon, 
CM., Friedmann, M., Berg, M., McVicar. D.W., Witthuhn. BA, Sil- 
vennoinen, O., et al. (1994). Interaction of IL-2R beta and gamma c 
chains with Jak1 and Jak3: implications for XSCID and XCID. Sci- 
ence 266, 1042-1045. 

Russell, S.M., Tayebi, N., Nakajima. H., Riedy, M.C., Roberts, J.L., 
Aman, M.J., Migone, T.S., Noguchi, M., Markert, M.L., Buckley, R.H., 
et al. (1995). Mutation of Jak3 in a patient with SCID: essential role 
of Jak3 in lymphoid development Science 270. 797-800. 
Sadlack, B.. Merz, H., Schorie, H., Schimpl. A., Feller, A.C., and 
Horak, I. (1993). Ulcerative colitis-like disease in mice with a dis- 
rupted interleukin-2 gene. Cell 75, 253-261. 
Sadowski, H.B., Shuai, K.. Darnell, J.EJ., and Gilman, M.Z. (1993). 
A common nuclear signal transduction pathway activated by growth 
factor and cytokine receptors. Science 261, 1739-1744. 
Saijo, K., Park. S.Y., IsNda, Y., Arase, H., and Saito, T. (1 997). Crucial 
role of Jak3 in negative selection of self-reactive T celts. J. Exp. 
Med. 765. 351-356. 

Schindler. C. Shuai, K., Prezioso, V.R., and Darnell. J.EJ. (1992) 
Interferon-dependent tyrosine phosphorylation of a latent cyto- 
plasmic transcription factor. Science 2S7, 807-813. 
Schindler. C. and Darnell. J.EJ. (1995), Transcriptional responses 
to polypeptide ligands: the Jak-STAT pathway. Annu. Rev. Biochem. 
64, 621-651. 

Schindler. U., Wu, P., Rothe, M., Brasseur, M., and McKnight S.L 

(1995) . Components of a Stat recognition code: evidence for two 
layers of molecular selectivity. Immunity 2, 689-697. 

Seidel, H.M.. Mitocco. L.H., Lamb, P., Darnell, J.E.J., Stein, R.B., 
and Rosen, J. (1995). Spacing of palindromic half sites as a determi- 
nant of selective STAT (signal transducers and activators of tran- 
scription) DMA binding and transcriptional activity. Proc. Natl. Acad. 
Sci. USA 92, 3041-3045. 

Shimoda, K., van Deursen, J., Sangster, M.Y., Sarawar, S.R., Carson, 
R.T.. Tripp. RA. Chu. C, Quelle. F.W., Nosaka, T.. VTgnali, DA, et al. 

(1996) . Lack of IL-4-tnduced Th2 response and IgE class switching in 
mice with disrupted Stat6 gene. Nature 380. 630-633. 

Shuai. K., ScWndter. C, Prezioso, V.R.. and Darnell, J.EJ. (1992). 
Activation of transcription by IFN-gamma: tyrosine phosphorylation 
of a 91-kD DNA binding protein. Science 258, 1808-1812. 
Shuai, K., Stark, G., Kerr, t.M. and Darnell, J.EJ. (1993). A single 
phosphotyrosine residue of Stat91 required for gene activation by 
interferon-gamma. Science 261, 1744-1746. 
Shuai, K., Horvath, CM.. Huang, L.K, Qureshi, SA, Cowbum. D., 
and Darnell, J.EJ. (1994). Interferon activation of the transcription 
factor Stat91 involves dimerization through SH2-phosphotyrosyl 
peptide interactions. Cell 76, 821-828. 

Shuai, K.. Hatpem, J., ten Hoeve, J., Rao, X., and Sawyers, C.L. 
(1996). Constitutive activation of STATS by the BCR-ABL oncogene 
in chronic myelogenous leukemia. Oncogene 13, 247-254. 




SOvennoinen, O., thle, J.N., Schtessinger, J., and Levy, D.E. (1993). 
Interferon-induced nuclear signalling by Jak protein tyrosine ki- 
nases. Nature 366, 583-585. 

Souyri, M., Vigon. I.. Penciolelli. J.F.. Heard, J.M., Tambourin. P., 
and Wend ling, F. (1 990). A putative truncated cytokine receptor gene 
transduced by the myeloproliferative leukemia virus immortalizes 
hematopoietic progenitors. Cell 63, 1137-1147. 
Stahl, N. t Farruggella, T.J., Boulton, T.G.. Zhong, Z., Darnell, J.EJ., 
and Yancopoulos, G.D. (1995). Choice of STATs and other sub- 
strates specified by modular tyrosine-based motifs in cytokine re- 
ceptors. Science 267. 1349-1353. 

Stocklin, E., Wissler, M., Gouilleux, F., and Groner, B. (1996). Func- 
tional interactions between StatS and the glucocorticoid receptor. 
Nature 383, 726-728. 

Suzuki, H., Kundig, T.M., Furionger, C, Wakeham, A., Timms, E.. 
Matsuyama. T., Schmits, R., Simard, J.J., Ohashi, P.S., Griesser, H., 
et al. (1995). Deregulated T cell activation and autoimmunity in mice 
lacking interleukin-2 receptor beta. Science 268, 1472-1476. 
Szabo, S.J., Dighe, A S., Gubler, U., and Murphy, K.M. (1997). Regu- 
lation of the interteukin (1L)-12R beta-2-subuntt expression in devel- 
oping T helper 1 (Th1) and Th2 ceUs. J. Exp. Med. 185, 817-824. 
Taga, T., and Kishlmoto, T. (1995). Signaling mechanisms through 
cytokine receptors that share signal transducing receptor compo- 
nents. Curr. Opin. Immunol. 7, 17-23. 

Takeda, K., Tanaka, T., Shi, W., Matsumoto. M., Minaml, M., Kashi- 
wamura. S., Nakanishi, K., Yoshida, N., Kishimoto, T., and Akira, S. 
(1996). Essential rote of Stat6 in IL-4 signalling. Nature 380, 627-630. 
Takeda, K., Noguchi, K.. Shi, W.. Tanaka, T.. Matsumoto, M., Yo- 
shida, N., Kishimoto, T., and Akira, S. (1997). Targeted disruption of 
the mouse Stat3 gene leads to early embryonic lethality. Proc. Natl. 
Acad. Sci. USA 94, 3801-3804. 

Takeshita, T., Arita, T., Higuchi, M., Asao, H., Endo, K., Kuroda, H., 
Tanaka, N., Marata, K.. Ishii, N., and Sugamura, K. (1997). ST AM, 
signal transducing adaptor molecule, is associated with janus ki- 
nases and involved in signaling for cell growth and c-myc induction. 
Immunity 6, 449-457. 

Thierfelder, W.E., van Deursen, J.M., Yamamoto, K., Tripp, RA, 
Sarawar, S.R., Carson, R.T., Sangster, M.Y.. Vignali, DA, Doherty, 
P.C., Grosveld, G.C., and Ihle, J.N. (1996). Requirement for Stat4 in 
interieukin-1 2 -mediated responses of natural killer and T cells. Na- 
ture 382. 171-174. 

Thomis, D.C., and Berg, LJ. (1997). Peripheral expression of Jak3 
is required to maintain T lymphocyte function. J. Exp. Med. T65, 
197-206. 

Thomis, D.C., Gumiak, C.B., Tivol. E., Sharpe, A.H.. and Berg, LJ. 

(1995) . Defects In B lymphocyte maturation and T lymphocyte acti- 
vation in mice lacking Jak3. Science 270, 794-797. 
Velazquez, L, Feilous. M., Stark, G.R., and Pellegrini, S. (1992). A 
protein tyrosine kinase in the interferon a/p signaling pathway. Cell 
70. 313-322. 

Velazquez, L, Mogensen, K.E., Barbieri, G., Feilous, M., Uze, G., 
and Pellegrini, S. (1995). Distinct domains of the protein tyrosine 
kinase tyk2 required for binding of Interferon -alpha/beta and for 
signal transduction. J. Biol. Chem. 270. 3327-3334. 
von Freeden-Jeffry, U., Vieira, P., Lucian, LA, McNeil, T., Burdach, 
S.E., and Murray, R. (1995). Lymphopenia in interteukin fJL)-7 gene- 
deleted mice identifies IL-7 as a nonredundant cytokine. J. Exp. 
Med. 181, 1519-1526. 

Wang, D., Stravopodis, D.. Teglund, S., Kitazawa, J., and Ihle, J.N. 

(1996) . Naturally occurring dominant negative variants of StatS. Mol. 
Cell. Biol. 16, 6141-6148. 

Watiing, D.. Guschin, D., MuUer, M., Silvennoinen, O., Witthuhn. BA. 
Quelle, F.W., Rogers. N.C., Schindler, C, Stark. G.R., Ihle, J.N., et 
al. (1993). Complementation by the protein tyrosine kinase JAK2 of 
a mutant cell fine defective In the interferon-gamma signal transduc- 
tion pathway (see comments]. Nature 366. 166-170. 
Weber-Nordt, R.M., Egen. C. Wehinger, J., Ludwig. W., GouiOeux- 
Gruart, V., Mertetsmann. R., and Fink, J. (1996). Constitutive action 
of STAT proteins in primary lymphoid and myeloid leukemia ceOs 
and in Epstein-Barr virus (EBV>related lymphoma cell lines. Blood 
88. 809-816. 



1 




Review 
11 



Wen. Z.. Zhong, Z., and Darnell. J.EJ. (1995). Maximal activation of 
transcription by Statl and Stat3 requires both tyrosine and serine 
phosphorylation. Cell 82, 241-250. 

Willerford, O.M., Chen. J.. Ferry. J A. Davidson. U Ma. A., amd Ait. 
F.W. (1995). lnterteukin-2 receptor a chain regulates the size and 
content of the peripheral lymphoid compartment Immunity 3. 
521-530. 

Xu, X.. Sun. Y.L, and Hoey. T. (1996). Cooperative DNA binding 
and sequence-selective recognition conferred by the STAT amino- 
terrrrinal domain [see comments). Science 273, 794-797. 
Yan. H„ Krishnan, K., Greeniund. A.C., Gupta. S., Lim, J.T., 
Schreiber, R.D., Schindler, C.W.. and Kroiewski, J J. (1996a). Phos- 
phorytated interferon-alpha receptor 1 subunit (IFNaRI) acts as a 
docking site for the latent form of the 1 1 3 kDa STAT2 protein. EM BO 
J. 75. 1064-1074. 

Yan, H., Krishnan. K., Lim. J.T.. Contillo, L.G.. and Kroiewski, J J. 
(1996b). Molecular characterization of an alpha interferon receptor 
1 su burnt (IFNaRI) domain required for the TYK2 binding and signal 
transduction. Mo). Ceil. Biol. 16, 2074-2082. 
Yan, R., Luo, H.. Darnell. J.E.J.. and Dearolf, C.R. (1996c). A JAK- 
STAT pathway regulates wing vein formation in Drosophila. Proc. 
Natl. Acad. Sci. USA 93, 5842-5847. 

Yan, R„ Small, S., Desptan, C, Dearolf, C.R.. and Darnell, J.E.J. 
(1996d). Identification of a Stat gene that functions in Drosophila 
development Cell 84, 421-430. 

Yin. T.. Shen, R. Feng. G.S.,and Yang, Y.C. (1997). Molecular charac- 
terization of specific interactions between SHP-2 phosphatase and 
JAK tyrosine kinases. J. Biol. Chem. 272, 1032-1037. 
Yu. C.L, Meyer, DJ., Campbell, G.S., Lamer, A.C., Carter-Su, C, 
Schwartz, J., and Jove, R. (1995). Enhanced DNA-binding activity of 
a Statf-related protein in ceils transformed by the Src oncoprotein. 
Science 269. 81-83. 

Zhang, X., Blenis. J., U, H.C., Schindler, C, and Chen-Kiang, S. 
(1995). Requirement of serine phosphorylation for formation of 
ST AT-promoter complexes. Science 267, 1990-1994. 
Zhang, Q., Nowack. I., Vonderheid, E.C., Rook, A.H., Kadin, M.E., 
Nowell, P.C., Shaw. L.M.. and Wasik, M.A. (1996). Activation of Jak/ 
STAT proteins involved in signal transduction pathway mediated by 
receptor for interieukin 2 in malignant T lymphocytes derived from 
cutaneous anaplastic large T-cell lymphoma and Sezary syndrome. 
Proc. Natl. Acad. Sci. USA 93, 9148-9153. 
Zhao, Y., Wagner, F., Frank, SJ., and Kraft A.S. (1995). The a mi no- 
terminal portion of the JAK2 protein kinase is necessary for binding 
and phosphorylation of the granulocyte-macrophage colony-stimu- 
lating factor receptor beta c chain. J. Biol. Chem. 270. 1 3814-1 381 8. 

Note Added in Proof 

STAT5B knockout mice have now been reported: Udy, G.B., Towers, 
R.P.. Snell. R.G., Wilkins, RJ., Park, S.-H.. Ram. P.A., Waxman, 
DJ., and Davey, H.W. (1997). Requirement of STATSb for sexual 
dimorphism of body growth rates and liver gene expression. Proc. 
Natl. Acad. Sci. USA 94, 7239-7244. 



